The family of core-binding factors includes the DNA-binding subunits Runx1-3 and their common non-DNA-binding partner CBF␤. We examined the collective role of core-binding factors in hematopoiesis with a hypomorphic Cbfb allelic series. Reducing CBF␤ levels by 3-or 6-fold caused abnormalities in bone development, megakaryocytes, granulocytes, and T cells. T-cell development was very sensitive to an incremental reduction of CBF␤ levels: mature thymocytes were decreased in number upon a 3-fold reduction in CBF␤ levels, and were virtually absent when CBF␤ levels were 6-fold lower. Partially penetrant consecutive differentiation blocks were found among early T-lineage progenitors within the CD4 ؊ CD8 ؊ double-negative 1 and downstream double-negative 2 thymocyte subsets. Our data define a critical CBF␤ threshold for normal T-cell development, and situate an essential role for corebinding factors during the earliest stages of T-cell development. 
Introduction
Hypomorphic alleles have long been known to cause developmental disorders in model organisms and in humans, and can reveal additional functions for genes in pathways that are completely obliterated when the gene's function is eliminated. For example, the many different spontaneous, chemically induced, and targeted mutant alleles of the Kit gene have illuminated c-kit's multiple roles in gametogenesis, melanogenesis, and hematopoiesis, and in the interstitial cells of Cajal. [1] [2] [3] Hypomorphic alleles can reveal differences in the requirements of certain developmental pathways for a protein's concentration, and help pinpoint lineage decisions that are influenced by that protein. Many mutations in cancercausing genes may cause a functional dosage reduction as part of their overall activity, and the study of hypomorphic alleles may allow an assessment of this contribution.
In this study, we used a hypomorphic allele of the core-binding factor ␤ (Cbfb) gene to unveil new developmental requirements for all 3 core-binding factors. Core-binding factors (CBFs) are a small family of transcription factors consisting of a DNA-binding subunit encoded by the Runx1, Runx2, or Runx3 genes, and a common non-DNA-binding CBF␤ subunit. Runx1 is required for hematopoietic stem cell (HSC) emergence in the fetus, 4 and during postnatal hematopoiesis for megakaryocyte, B-, and T-lymphocyte development. [5] [6] [7] Runx1 participates in CD4 silencing during the CD4 Ϫ CD8 Ϫ double-negative (DN) and CD8 ϩ stages of T-cell development and is necessary at the DN2 to DN3 and DN3 to DN4 transitions. [5] [6] [7] [8] Runx2 is required for bone formation, both for osteoblast differentiation and chondrocyte hypertrophy. [9] [10] [11] [12] Runx3 contributes to the maturation of chondrocytes during bone formation 13 and is necessary for CD4 silencing at the CD8 ϩ stage of T-cell development, for Langerhans-cell development, and its deletion accelerates the maturation of dendritic cells resulting in an allergic airway inflammation. 7, 8, 14 We used a hypomorphic Cbfb allele in conjunction with a nonfunctional Cbfb allele to create an allelic series. Reducing CBF␤ levels should affect the activity of all 3 Runx proteins and reveal developmental requirements for the CBFs that were not previously uncovered with mutations in the individual Runx genes because of functional redundancy. Animals with 30% and 15% of wild-type CBF␤ levels bypass the midgestation lethality and block in hematopoietic stem cell emergence suffered by Cbfb-deficient mice, 15, 16 but die at birth with later developmental defects in both hematopoiesis and bone formation. In this paper, we describe the overall phenotype of mice with reduced CBF␤ dosage, with an emphasis on T-cell development. We demonstrate that megakaryocyte, granulocyte, T-cell, and bone development are sensitive to reductions in CBF␤ dosage to 30% and 15% of wild-type levels, but that B-cell and erythrocyte development are relatively unperturbed. A drop from 30% to 15% of wild-type CBF␤ levels causes abrupt changes in both bone and T-cell development, identifying important concentration thresholds for CBF␤ in these 2 processes.
Materials and methods

Cbfb alleles
The targeting vector for the Cbfb rss allele contained a 4.2-kb SalI-XhoI fragment from Cbfb intron 3 and a 5.3-kb AvrII-AvrII fragment from intron 4 as the 5Ј and 3Ј homology regions, respectively. We introduced a SacII restriction site into a XhoI-AvrII genomic fragment containing exon 4 in pBluescript SKϩ (Stratagene, La Jolla, CA) using the Quick-Change mutagenesis kit (Stratagene) (upper strand primer, 5Ј-CTT GAA GGC TCC CGC GGT TCT GAA TGG AGT G-3Ј; lower strand primer, 5Ј-CAC TCC ATT CAG AAC CGC GGG AGC CTT CAA G-3Ј). We polymerase chain reaction (PCR) amplified the lacZ coding sequence together with the polyadenylation and cleavage site from pSV-␤-galactosidase (Promega, Madison, WI) and subcloned it into pBluescript SKϩ to make pSK-LacZ. A SacII fragment containing the lacZ coding region and poly(A) sequence was then isolated from pSK-LacZ and inserted into the SacII site that we had introduced into exon 4, in-frame with CBF␤ protein coding sequences. The XhoI-AvrII fragment containing exon 4-lacZ was then inserted into the targeting vector just upstream of the normal exon 4, but in the reverse orientation ( Figure 1A ). The floxed-neo gene was introduced between the 5Ј homologous region and exon 4-lacZ. A recombination signal sequence (RSS) for V(D)J recombination in the immunoglobulin and T-cell receptor loci with a 12-bp spacer (RSS12, 5Ј-CACAGTG CTACAGACTGGA ACAAAAACC-3Ј) was inserted between floxed-neo and exon 4-lacZ, and RSS with a 23-bp spacer (RSS23, 5Ј-CACAGTG GTAGTACTCCACT-GTCTGGCTGT ACAAAAACC-3Ј) was introduced between the normal copy of exon 4 and the 3Ј homology region. The TK gene was inserted upstream of the 5Ј homologous region. The targeting vector was linearized with NotI and electroporated into J1 ES cells, and Cbfb rss(neo)/ϩ mice were generated and screened by standard protocols. Neo was excised by crossing to Tg(CMV-Cre) mice to generate Cbfb rss/ϩ mice, which were identified by Southern blot using the 5Ј probe and an XbaI digest.
Cbfb ϩ/Ϫ (Cbfb tm1Spe/ϩ ) mice were described previously. 16 Cbfb ϩ/ϩ , Cbfb rss/ϩ , and Cbfb rss/rss genotypes were determined by PCR using primers within exon 4 (5Ј-CTT GAA GGC TCC CAT GAT TCT G-3Ј) and intron 4 (5Ј-GCA GTTAAG AGC ACT GGT TGC C-3Ј) that amplify a 520-bp fragment from the wild-type allele and a larger 580-bp fragment from the Cbfb rss allele.
All mouse procedures were approved by Dartmouth College's Institutional and Animal Care Use Committee.
Skeletal preparations and histology
Skeletal preparations and histology were performed as described elsewhere. 17 The image in Figure 4A was acquired using a Nikon OPT1P HOT-O (Nikon, Tokyo, Japan) microscope equipped with a 10ϫ/0.25 NA lens. Figure 4B was acquired with a Nikon C-SHG inverted microscope with a 10ϫ/0.17 NA objective lens. Figure 4E was photographed in PBS with a Leica MZ FLIII stereomicroscope equipped with a Plan 1ϫ (0.025-0.125 NA) objective lens (Leica, Heer Brugg, Switzerland). Figure  4F was acquired with a Nikon OPT1P HOT-O 40ϫ/1.0 NA oil objective lens. Photographs were taken with a SPOT digital camera and SPOT Advance Software version 4.0 (Diagnostic Instruments, Sterling Heights, MI) and were processed with Adobe Photoshop 7.0 (Adobe Systems, San Jose, CA).
Western blot analysis
CD45 ϩ cells (clone 30-F11; BD Biosciences, San Jose, CA) were enriched from 17.5-dpc FLs by immunomagnetic selection using a magneticactivated cell sorting (MACS) column following the manufacturer's instructions (Miltenyi Biotech, Auburn, CA). Cells (1 ϫ 10 5 per mL) were resuspended in lysis buffer (150 mM NaCl, 50 mM Tris, pH 8.0, 1% nonidet P-40, 0.5% deoxycholate, 0.1% SDS, 0.2 mM EDTA, 2.0 mM EGTA plus 1 g/mL pepstatin A, 1 M Pefablock, 2 g/mL leupeptin, 2 g/mL aprotinin), lysates were boiled in SDS loading buffer and resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) through 13% gels, and the proteins were transferred to nitrocellulose. The nitrocellulose was cut into 2 pieces between the 25.9-and 37.1-kDa markers, the top half of the membrane was probed with an antibody to mouse actin (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) ; Sigma, St Louis, MO) and the bottom half was probed with a mouse monoclonal antibody to CBF␤ (␤141.2), 16 and the blots were developed with enhanced chemiluminescence (ECL) reagents (Amersham, Arlington Heights, IL). Western blot quantification of endogenous CBF␤ was performed by comparison to known amounts of bacterially produced and purified CBF␤(1-141). Actin and CBF␤ were quantified by densitometry and analyzed using ImageQuant 5 (Molecular Dynamics, Sunnyvale, CA).
RT-PCR
RT-PCR on RNA prepared from 17.5-dpc FLs was performed using Qiagen Omniscript RT kit (Qiagen, Valencia, CA) with one primer from exon 1 of the Cbfb gene (5Ј-AGACGGATCCATGCCGCGCGTCGTCCCGGAC-3Ј, a BamHI site [underlined] was incorporated immediately 5Ј to the initiating ATG [bold] ) and a second primer downstream of a PstI site in exon 6 (5Ј-GTTAAGCAACCCTGATAC-3Ј). The Hprt gene was amplified with the following primers: 5Ј-CACAGGACTAGAACAGGTGC-3Ј and 5Ј-GCTGGTGAAAAGGACCTCT-3Ј. The Cbfb RT-PCR products were digested with BamHI and PstI, subcloned into pBluescript SKϩ (Stratagene), and sequenced.
Real-time PCR
Gr-1 ϩ cells were enriched from 17.5-dpc Cbfb ϩ/ϩ and Cbfb rss/Ϫ FLs by immunomagnetic selection using a MACS column. Total RNA was harvested using Qiagen's RNeasy Mini Kit. Double-stranded cDNA for real-time quantitative PCR (RTQ-PCR) was generated from 2 to 5 g total RNA using the Superscript II double-strand cDNA synthesis kit (Invitrogen) according to the manufacturer's instructions. cDNA was then quantified using a NanoDrop (NanoDrop Technologies, Wilmington, DE). SYBR Green (Applied Biosystems, Foster City, CA) RTQ-PCR was used to measure transcript abundance in each sample. RTQ-PCR assays were performed in triplicate for each sample on Applied Biosystems'ABI 7500. Primers for each gene were designed using Primer Express v2.0 software (Applied Biosystems) and are as follows: Csf3r (GCSFR) fwd, 5Ј-ATCATCAAGGGCAGGACATACA-3Ј and rev, 5Ј-AGGCCACAAGGGT-CACGTT-3Ј; Csr1r (MCSFR) fwd, 5Ј-CATGGCCTTCCTTGCTTCTAA-3Ј and rev, 5Ј-ACATGTCCGCTGGTCAACAG-3Ј; Mpo fwd, 5Ј-ATCACGGC-CTCCCAGGATAC-3Ј and rev, 5Ј-TGCCAACTCCAGGTTCTTCAG-3Ј; Ela2 fwd, 5Ј-AGGAGGCTGTGGATCTGGATT-3Ј and rev, 5Ј-TGCCTTCGGATA-ATGGAATTG-3Ј; Pu.1 fwd, 5Ј-TCCTACATGCCCCGGATGT-3Ј and rev, 5Ј-TCTCACCCTCCTCCTCATCTGA-3Ј; Cebpa fwd, 5Ј-GAGCCGAGATA-AAGCCAAACA-3Ј and rev, 5Ј-AGGCAGCTGGCGGAAGAT-3Ј; Cebpe fwd, 5Ј-AGTACCGACTGCGACGTGAAC-3Ј and rev, 5Ј-GACCTTCTGCT-GAGTCTCCATAATG-3Ј; Mmp9 (Gelatinase B) fwd, 5Ј-GGACGACGT-GGGCTACGT-3Ј and rev, 5Ј-CTGCACGGTTGAAGCAAAGA-3Ј; Lct fwd, 5Ј-CCTGCACACTTGGACTTGCTT-3Ј and rev, 5Ј-GACAGAAACAT-CACGTGGTTGTCЈ; and Gapdh fwd, 5Ј-CATGGCCTTCCGTGTTCCTA-3Ј and rev, 5Ј-TGTCATCATACTTGGCAGGTTTCT-3Ј.
Progenitor assays
Single-cell suspensions of FL cells were prepared in 1 to 3 mL alpha minimal essential medium (Gibco, Grand Island, NY) by grinding and passing the tissue through a sterile 70-m filter. CFU-GEMM, CFU-GM, and BFU-E progenitors from 12.5-dpc fetuses were enumerated by culturing 1/20th of each liver in 3 mL methylcellulose medium (MethoCult GF M3434) containing stem-cell factor (SCF), interleukins 3 and 6, and erythropoietin following the manufacturer's instructions (Stem Cell Technologies, Vancouver, BC, Canada). For 15.5-to 17.5-dpc fetuses, 5 ϫ 10 5 FL cells were cultured. Colonies were scored and counted 7 to 9 days after culture. Megakaryocyte progenitors were enumerated using the Megacult-C kit (Stem Cells Technologies) by plating 2.2 ϫ 10 5 17.5-dpc FL cells per 2-chambered slide (plus thrombopoietin, IL-6, and IL-3) and counting 8 to 10 days later.
Clinical blood counts
Peripheral blood was collected with heparinized capillary tubes (Fisher, Hampton, NH) into blood-collection tubes (Sarstedt, Nümbrecht, Germany), diluted 1:1 with FBS, and counted on a Hemavet 950 blood analyzer (HV 950 FS; Drew Scientific, Orford, CT).
In vitro differentiation of megakaryocytes and platelets from fetal liver
In vitro cultures were performed as described by Shivdasani et al. 18 Livers from 13.5-dpc fetuses were removed and transferred to a falcon tube containing DMEM/10% FCS, and the cells were dispersed by passage 3 times each through 18-, 21-, and 25-gauge needles. The cells were collected by centrifugation at room temperature at 320g for 3 minutes, and resuspended in 1 mL DMEM/10% FCS. Thrombopoietin was added to a final concentration of 50 ng/mL, and cells were cultured for 3 days at 37°C. The cultured cells were harvested by centrifugation, resuspended in 1.0 mL DMEM/10% FCS, layered onto a discontinuous BSA gradient containing 2 mL 3% BSA (in PBS) and 1 mL 1.5% BSA in a 15-mL conical tube, and left undisturbed for 30 to 40 minutes at room temperature. The supernatant was aspirated, and the cell pellet was washed, resuspended in 3 mL DMEM/10% FCS, and cultured for 48 hours at 37°C. The culture was collected and centrifuged at 200g at room temperature for 5 minutes and the supernatant centrifuged at 2500g at room temperature for an additional 10 minutes. The platelet pellet was resuspended in 200 L PBS, stained with FITCconjugated CD41 antibody (BD Biosciences), and analyzed by flow cytometry.
Flow cytometry
Cell-surface antigens were detected by immunofluorescence assays using one or a combination of PE, FITC, APC, PerCp, APC-Cy7, PE-Cy7, Pacific Blue, and PerCp-Cy5.5 fluorochromes and the following monoclonal antibodies: CD19 (1D3), B220 (RA3-6B2), Gr-1 (RB6-8C5), Mac1 (M1/ 70), c-kit (2B8), CD45 (30-F11), CD4 (RM4-5), CD8␣ (53-6.7), CD3⑀ (145-2C11), CD44 (IM7), CD25 (7D4 or PC61), IL7R␣ (A7R34), TCR␤ (H57-597), TCR␥␦ (GL3), Ter119 (TER-119), Thy1.2 (30-H12), CD11c (HL3), Sca-1 (E13-161.7), CD41 (MWReg30), NK1.1 (PK136), Ly5.1 (A20), and Ly5.2 (104) (Pharmingen, San Diego, CA; and Ebiosciences, San Diego, CA). The following cocktail omitting CD4 was used to exclude Lin ϩ cells in the thymus: CD19, B220, Gr-1, Mac1, CD8␣, CD3⑀, TCR␤, TCR␥␦, Ter119, CD11c, and NK1.1. Fluorescence-activated cell sorting (FACS) analysis was performed using a FACScan or FACSCalibur (BD Biosciences). For BM, thymus, and spleen of animals that underwent transplantation, analytic flow cytometry was performed on a 4-laser LSR II (BD Biosciences). Doublets were excluded using forward scatter (FSC) area versus width pulses. 4,6-diamidino-2-phenylindole (DAPI) was used to exclude dead cells. The resulting files were uploaded into FlowJo (Tree Star, San Carlos, CA) for analysis.
Transplant analyses
C57BL/6 (B6.SJL-PtprcϽaϾPep3ϽbϾ/BoyJ) ϫ 129S1/SVImJ F1 mice (Ly5.1 ϩ /Ly5.2 ϩ ) were subjected to 2 split doses of 5.5 Gray 3 to 4 hours apart. Each recipient received donor FL and competitor BM cells (2 ϫ 10 5 cells of each) via tail-vein injection. All donor fetuses were of a mixed C57BL/6J and 129S1/SVImJ background and expressed the Ly5.2 (CD45.2) haplotype. Whole BM competitor cells were prepared from C57BL/6 (B6.SJL-PtprcϽaϾPep3ϽbϾ/BoyJ) (Ly5.1 ϩ ) mice.
Peripheral blood of transplant recipients was collected in K3EDTA-coated vacutainer tubes (Sarstedt) and mixed immediately on a roller at room temperature. FACS Lysis Solution (BD Biosciences) was added and samples were stained with cell-surface markers as per the manufacturer's protocol. Staining of BM, thymus, and spleen of the animals that underwent transplantation was performed in PBS/3% FCS after blocking with 2.4G2 (anti-Fc␥II/IIIR) hybridoma supernatant and rat/mouse IgG (Sigma).
Results
The hypomorphic Cbfb rss allele
We attempted to modify the Cbfb locus so that the RAG1/RAG2 recombinases would rearrange and selectively inactivate the gene during B-and T-lymphocyte development, and at the same time mark the cells in which the rearrangement had occurred. To this end, we introduced the lacZ gene and recombination signal sequences (RSS) into the third intron of Cbfb, creating what we called the Cbfb rss allele (Figure 1 ). However, mice homozygous for the Cbfb rss allele died at birth from causes apparently unrelated to impaired lymphopoiesis, as will be described below (see the next section and Figure 2 ).
We could find no evidence for ␤-galactosidase expression or rearrangement of the Cbfb rss allele in lymphocytes (not shown). Instead, the exogenous sequences in the mutant allele altered splicing. Specifically, more than half of the mRNA from the Cbfb rss allele lacked exon 4, and properly spliced mRNA was present at lower than normal amounts ( Figure 1C ). Exon 4 encodes amino acids 95 to 133, which encompass the C-terminal one third of the heterodimerization domain for the Runx proteins. The predicted molecular weight of CBF␤⌬95-133 is 17.5 kDa, but we could find no evidence of this protein in cells ( Figure 1D ). Instead full-length CBF␤ was present, but in reduced amounts. Hence Cbfb rss is a hypomorphic Cbfb allele from which lower-than-normal amounts of full-length CBF␤ protein are produced.
To further reduce CBF␤ protein levels, we crossed Cbfb rss/ϩ mice to Cbfb ϩ/Ϫ (Cbfb ϩ/tm1Spe ) mice. The Cbfb tm1Spe allele contains a deletion of exon 5. No full-length CBF␤ protein is produced in Cbfb Ϫ/Ϫ fetuses, and a truncated protein is undetectable. 16 Through a combination of Cbfb rss/ϩ intercrosses and Cbfb rss/ϩ ϫ Cbfb ϩ/Ϫ matings, we created an allelic Cbfb series, in which we reduced the levels of full-length CBF␤ protein to approximately 65% (Cbfb rss/ϩ ), 50% (Cbfb ϩ/Ϫ ), 30% (Cbfb rss/rss ), and 15% (Cbfb rss/Ϫ ) of wild-type protein levels ( Figure 1D ).
Reduced CBF␤ dosage impairs bone ossification
Cbfb rss/rss and Cbfb rss/Ϫ mice were born at normal Mendelian ratios (not shown), but died at postnatal day 0, the same time at which Runx2-deficient mice were reported to die. 9, 10 Newborn Cbfb rss/rss mice had defects in skeletal formation, including delays in the ossification of ribs, metacarpals/metatarsals, phalanges, pelvis, sternum, and vertebrae, and exhibited hypoplastic clavicles, scapulas, calvaria, maxillas, and mandible ( Figure 2A ). Long bones from Cbfb rss/rss fetuses showed reduced primary ossification of the diaphysis and delayed appearance of secondary ossification centers ( Figure 2B ). The further 2-fold reduction of CBF␤ levels in Cbfb rss/Ϫ fetuses greatly increased the severity of skeletal defects. Sections through the tibia revealed essentially no alkaline phosphatase-positive osteoblasts in either the diaphysis or bone collar, and although hypertrophic chondrocytes were present, they were alkaline phosphatase negative ( Figure 2B ). These data define 2 critical thresholds for CBF␤ protein concentration in bone development at which skeletal formation is moderately (30% CBF␤) and severely (15% CBF␤) impaired. The cause of neonatal death is not known, but the skeletal and cranial defects could potentially affect either or both respiration and nursing. We saw no evidence of hemorrhaging, and CBCs on peripheral blood of 18.5-dpc fetuses revealed normal red blood cell counts and hemoglobin content (Table 1) .
CBF␤ dosage affects megakaryocyte development and/or maturation
Fetal livers from 12.5-dpc Cbfb rss/Ϫ animals contained approximately half the number of granulocyte-macrophage units (CFU-GM) and burst-forming units-erythroid (BFU-Es) than other Cbfb genotypes ( Figure 3A ). This trend was reversed at 17.5 days after coitus, at which point Cbfb rss/rss and Cbfb rss/Ϫ fetal livers contained more CFU-Cs ( Figure 3B ) and megakaryocyte progenitors (CFUMks) ( Figure 3C ) than their littermates. CFU-C assays at intermediate time points revealed that the gestational age at which fetal liver progenitors began to accumulate was 15.5 days after coitus
For personal use only. on August 4, 2017. by guest www.bloodjournal.org From (not shown). Similar phenomena of reduced numbers of CFU-Cs at midgestation (12.5 days after coitus) and increased numbers in adult bone marrow were reported in mice haploinsufficient for Runx1. 16, 19 The mechanism underlying either effect is poorly understood. 4, 19 Megakaryocyte colonies derived from cultures of Cbfb rss/Ϫ 17.5-dpc fetal livers were denser and contained smaller, more uniform-sized cells (not shown) with reduced acetylcholinesterase (brown) staining ( Figure 4A ). Megakaryocytes were visible 48 hours after 13.5-dpc Cbfb ϩ/ϩ fetal liver (FL) cells were cultured in the presence of thrombopoietin, but no large megakaryocytes were seen in cultures from Cbfb rss/Ϫ cells ( Figure 4B ), and fewer platelets were generated ( Figure 4C-D) . Peripheral blood from 18.5-dpc Cbfb rss/Ϫ fetuses had a tendency toward fewer platelets, although the difference was not significant ( Table 1) . The relatively high variability in platelet counts among fetuses may contribute to the lack of significance. Runx1 is required for megakaryocyte development, 5, 6, 19 and haploinsufficiency of RUNX1 causes a familial platelet disorder in humans. 20 Our data suggest that CBF␤ may be required for Runx1 function in megakaryocyte differentiation, although this effect was observed only in vitro. The in vitro data are consistent, though, with those of Kuo et al who showed that a conditionally activated dominant-negative CBFB/MYH11 allele impaired megakaryocyte differentiation. 21 
Granulocyte development is sensitive to CBF␤ dosage
We observed subtle reductions in the size and cellularity of spleens from Cbfb rss/rss and Cbfb rss/Ϫ fetuses ( Figure 4E ; Table 2 ). The absolute number of CD45 ϩ cells per spleen was decreased 4-to 5-fold, and the total number of monocytes/granulocytes (Gr-1 ϩ Mac-1 ϩ ) was 10-to 20-fold lower (P Ͻ .001). The percentages of CD19 ϩ B lymphocytes and Ter119 ϩ erythrocytes in Cbfb rss/rss and Cbfb rss/Ϫ spleens were unaltered, although the total numbers of CD19 ϩ and Ter119 ϩ cells were decreased 2.8-fold (P Ͻ .05), therefore we cannot rule out a moderate impairment in these lineages.
Cytospin preparations of Gr-1 ϩ cells enriched from 17.5-dpc Cbfb ϩ/ϩ fetal livers contained abundant segmented neutrophils and bands ( Figure 4F ). Preparations from Cbfb rss/Ϫ fetuses contained no segmented mature neutrophils and almost no bands, but many immature monocytoid cells were found. There was no significant decrease in the levels of mRNAs for either granulocyte-monocyte colony-stimulating factor receptor (GCSFR) or macrophage CSFR (MCSFR), or for the primary granule protein myeloperoxidase ( Figure 4G ), which is normally found beginning at the promyelocyte stage of granulocyte development and in monocytes. However, the mRNA for another primary granule protein, neutrophil elastase, which is also found beginning at the promyelocyte stage, and is a direct CBF target, 22,23 was significantly decreased, as was mRNA encoding the secondary and tertiary granule proteins, lactoferrin and gelatinase B. mRNA encoding C/EBP⑀, a transcription factor required for the expression of secondary and tertiary granule proteins, 24, 25 was significantly lower, as was PU.1 mRNA. C/EBP␣ expression was not significantly changed, consistent with the unaltered expression of one of its targets, GCSFR. 26 
Fetal thymocytes are affected by reduced CBF␤ dosage
The thymuses of Cbfb rss/rss and Cbfb rss/Ϫ fetuses were small ( Figure  4E ), and thymus cellularity was significantly decreased (Table 2) . Thymuses from Cbfb rss/rss and Cbfb rss/Ϫ fetuses contained a significantly smaller percentage of CD4 ϩ CD8 ϩ cells (Table 2) , and the absolute number of CD4 ϩ CD8 ϩ thymocytes was approximately 10-fold lower in Cbfb rss/rss fetuses and more than 100-fold lower in Cbfb rss/Ϫ fetuses (P Ͻ .001) ( Figure 4H ). Thymic B cells had been seen upon conditional inactivation of Notch1 in adult mice, 27,28 but we found no evidence of B-cell accumulation in 17.5-dpc Cbfb rss/Ϫ thymuses (not shown). The percentage of CD4 ϩ cells was increased in Cbfb rss/rss fetal thymuses ( Figure 4I ; Table 2 ) due to partial derepression of CD4 expression, which is normally silenced by Runx1 during the double-negative (DN) stages of thymocyte development. 7 Indeed, the CD4 ϩ CD8 Ϫ population in Cbfb rss/rss thymuses expressed low levels of TCR␤ ( Figure 4I ), indicating that these were not bona fide mature CD4 SP cells, but rather were more immature thymocytes that had inappropriately up-regulated CD4 or failed to up-regulate CD8. The percentage of TCR␤ ϩ cells was decreased in the CD4 ϩ CD8 ϩ thymocyte population of Cbfb rss/rss fetuses and the percentage of TCR␥␦ ϩ thymocytes was also lower ( Figure 4I ). Figure 5A ). Specifically, the donor-derived cells in recipients repopulated with either Cbfb rss/rss or Cbfb rss/Ϫ FL lacked a population of Gr-1 hi Mac-1 lo cells (R2 gate), and accumulated a population of Gr-1 hi Mac-1 hi cells (R3 gate). Cytospin preparations of purified Gr-1 hi Mac-1 lo cells from the R2 gate consisted almost entirely (Ն 98%) of segmented neutrophils, while 85% (Ϯ 6.7%) of the Gr-1 hi Mac-1 hi population (R3 gate) consisted of segmented neutrophils, of which a small number were bands (1.5%), and the remaining cells (14.5%) were monocytes (not shown). These data suggest that reduced CBF␤ levels modestly perturb granulocyte Figure 5A ), consistent with the relatively normal numbers of B cells found in the 17.5-dpc fetal spleen. In contrast, the percentage of donor-derived Thy1.2 ϩ peripheralblood T cells was moderately decreased in mice that received a transplant of Cbfb rss/rss FL cells, and Thy1.2 ϩ , CD4 ϩ , and CD8 ϩ cells were virtually absent in mice that received a transplant of Cbfb rss/Ϫ FL cells ( Figure 5A) .
Granulocyte and T-cell defects in
Bone marrow at 12 months after transplantation was reconstituted almost exclusively from FL donor cells regardless of the Cbfb genotype, consistent with the greater proliferative capacity of FL HSCs. 29 More than 90% of c-kit ϩ Sca-1 ϩ Lin Ϫ (KSL) cells in all recipient mice were donor derived ( Figure 5B ). The donor-derived KSL population was expanded approximately 2.5-fold in bone marrow reconstituted with Cbfb rss/rss or Cbfb rss/Ϫ FL cells ( Figure  5B R2 gate, and Figure 5C ), consistent with the observed increase of CFU-Cs in the 17.5-dpc fetal liver ( Figure 3B ) and with findings in Runx1 ϩ/Ϫ and conditional Runx1 knock-out mice. 6, 19 The majority of Ter119 ϩ CD45 ϩ erythroid lineage cells in the bone marrow were donor derived (not shown), as were Gr-1 ϩ Mac-1 ϩ cells ( Figure 5D ). However, whereas CD4 ϩ CD8 ϩ thymocytes in recipients reconstituted with Cbfb ϩ/ϩ or Cbfb rss/rss FL cells were almost entirely donor derived, there were essentially no donor-derived CD4 ϩ CD8 ϩ thymocytes in mice that received a transplant of Cbfb rss/Ϫ FL cells (Figure 5E ), despite the overwhelming contribution of FL-derived cells to the bone marrow in the same recipients ( Figure 5B-D) . Therefore, there is an abrupt, profound, cell-autonomous loss of T-cell potential associated with a drop in CBF␤ levels from 30% to 15% of normal.
CBF␤ is required at the earliest stages of T-cell development
CD4 ϩ CD8 ϩ double-positive (DP) thymocytes are derived from early T-lineage progenitors (ETPs) that likely differentiate from rare circulating BM-derived progenitors with a KSL phenotype that seed the thymus. 30, 31 Since Cbfb rss/Ϫ FL cells did not contribute to the formation of CD4 ϩ CD8 ϩ DP cells, we examined their contribution to the ETP and DN populations of thymocytes in transplant recipient mice to more precisely define the nature of the T-cell developmental block. The ETP, DN2, and DN3 populations in recipients that received a transplant of Cbfb ϩ/ϩ or Cbfb rss/rss FL cells were almost entirely derived from FL Ly5.2 ϩ donor cells ( Figure 6A ). In contrast, the contribution of Cbfb rss/Ϫ FL cells to the ETP, DN2, and DN3 populations was both less efficient and variable. In 6 of 9 recipient mice, exemplified by rss/Ϫ (1) ( Figure  6A ), there was essentially no FL Ly5.2 ϩ donor-cell contribution to DN2 or DN3 cells, despite the fact that more than 90% of these recipients' bone marrow was FL donor derived. This was indicative of a marked developmental impairment of Cbfb rss/Ϫ progenitors at the ETP to DN2 transition, causing a profound competitive advantage for the small number of Ly5.1 ϩ competitor cells. In some animals, including rss/Ϫ (1), we also observed decreased FL donor-cell contribution to the ETP population, suggesting an even earlier impairment in the generation of ETPs or in their subsequent expansion. In the second group of recipient mice, represented by rss/Ϫ (2), Cbfb rss/Ϫ donor cells contributed to the ETP and DN2 populations, but less well to DN3 thymocytes, indicating a partial block at the DN2 to DN3 transition. Therefore Cbfb rss/Ϫ cells exhibit additive partial impairments at consecutive stages of early thymocyte development-in the generation/expansion of ETPs, in the differentiation of ETPs to DN2 cells, and in the differentiation of DN2 to DN3 cells. The overall result of these defects is a complete or near-complete block in the generation of mature thymocytes. We also saw similar, variable partial blocks at these early differentiation steps in 17.5-dpc fetuses (not shown).
Cbfb rss/rss thymocytes inefficiently extinguish CD4 expression
The increase in CD4 expression we observed in immature thymocytes in 17.5-dpc Cbfb rss/rss fetuses ( Figure 4H ; Table 2 ) was recapitulated in the transplant recipients ( Figure 6B-D) . The donor-derived CD4 Ϫ CD8 Ϫ DN population of thymocytes was shifted upward in the direction of higher CD4 expression ( Figure  6B , arrows in lower panels). Cbfb rss/rss FL cells also contributed to 3-fold fewer immature single-positive (ISP) cells (not shown). We examined CD4 expression in all 4 DN subsets to determine when the up-regulation of CD4 expression occurred. We excluded all lineage-positive cells with the exception of CD4 ϩ cells, and separated the FL donor-derived (Ly5.2 ϩ ) Lin Ϫ cells into ETP, DN2, DN3, and DN4 populations based on c-kit and CD25 expression ( Figure 6D, scatterplots) . CD4 expression in the donor-derived DN3 and DN4 thymocyte populations was higher in recipients reconstituted with Cbfb rss/rss FL cells compared with Cbfb ϩ/ϩ cells ( Figure 6D, histograms) , suggesting that Runx1-CBF␤ normally represses CD4 expression at these 2 stages. We did not, however, observe a similar depression of CD4 in mature CD8 ϩ cells ( Figure  6D ). Runx3 and Runx1 together repress CD4 expression in CD8 ϩ cells, 7, 8 but apparently the CBF␤ levels present in Cbfb rss/rss cells are sufficient to support Runx3 and Runx1 function at this stage of T-cell differentiation.
Discussion
Homozygous deletion of Cbfb in the embryo results in the absence of all definitive blood-cell lineages. 15, 16 Here, we show with a hypomorphic Cbfb allelic series that once HSCs emerge there is a continued requirement for CBF␤ in T-cell, megakaryocyte, granulocyte, and bone development. Reduced CBF␤ levels also increased the numbers of committed hematopoietic progenitors and phenotypic KSL cells. As the alterations in progenitors and megakaryocytes were reminiscent of those reported for Runx1 haploinsufficiency and deficiency in the adult, 5, 6, 19 we have focused our discussion on the perturbations that are unique to the Cbfb allelic series of mice, as these define threshold levels of CBF␤ necessary to sustain the development of several cell lineages, and reveal pathways for which the combined activity of 2 or more Runx proteins is required.
Redundant functions for Runx proteins in granulocyte development
Deficiencies in granulocyte development were not observed upon conditional deletion of Runx1 in the adult using Mx1-Cre, 5,6,32 nor were they described in Runx2-or Runx3-deficient mice. 14, 33 Furthermore, no congenital neutropenias have been mapped to core-binding factor genes. Therefore the block before the promyelocyte stage caused by reductions in CBF␤ levels suggests that the Runx proteins provide redundant functions in granulopoiesis during fetal development. In retrospect, this was predictable given the many examples of granulocyte defects in mice or cells expressing dominant-negative CBF fusion proteins. For example, expression of the CBFB/MYH11 fusion gene from the myeloidspecific hMRP8 promoter in mice increased the percentage of immature neutrophils in the bone marrow. 34 Mice repopulated with bone marrow cells in which a CBFB/MYH11 allele was conditionally activated in the adult exhibited a donor-derived multilineage block in hematopoiesis involving all lineage-positive myeloid and lymphoid cells (B220 ϩ CD3 ϩ Mac-1 ϩ Gr-1 ϩ ). 21 Overexpression and ectopic expression of AML1/ETO has also been shown to block myeloid-cell differentiation in multiple cell lines and in primary bone marrow cells. 35 It is unclear which Runx proteins are involved For personal use only. on August 4, 2017. by guest www.bloodjournal.org From in granulocyte differentiation, as only Runx1 expression has been extensively characterized in this lineage. Both Runx1 and CBF␤ are expressed in functional CFU-GEMM and CFU-GM progenitors, and in mature granulocytes. [36] [37] [38] Immunohistochemical analyses of fetal liver suggested Runx3 is expressed in myeloid precursors, 39 but Runx3 protein was not detected in mature neutrophils in the adult. 14 Runx2 expression in the granulocyte lineage has not been reported.
Granulocyte development requires the activity of multiple transcription factors including C/EBP␣, C/EBP⑀, PU.1, c-Myb, retinoic acid receptors, and Gfi-1. 22 Granulocytes in C/EBP␣-deficient mice are blocked at the myeloblast stage, and lack expression of the GCSFR, which is a C/EBP␣ target. 26 Neither C/EBP␣ nor GCSFR levels were significantly altered in Cbfb rss/Ϫ Gr-1 ϩ cells, indicating that C/EBP␣ is upstream of the CBFs. However embryonic stem cells heterozygous for the dominantnegative CBFB/MYH11 allele contributed only to erythrocytes, and not to any Mac-1 ϩ /Gr-1 ϩ cells in chimeric mice, 40 indicating that further reduction of functional CBF␤ levels causes even earlier blocks in myeloid development upstream of C/EBP␣. Deletion of PU.1 in either the fetus or adult results in an absence of common myeloid and granulocyte monocyte progenitors, and a complete absence of mature neutrophils. 41, 42 This also places PU.1 before CBF␤ in granulocyte development, although the decrease in PU.1 levels in Cbfb rss/Ϫ cells suggests PU.1 is a direct or indirect CBF␤ target at later stages. C/EBP⑀ is required later than CBF␤, after the promyelocyte stage of development, 43 and its levels were significantly reduced in Cbfb rss/Ϫ cells. C/EBP⑀ is required for the expression of secondary and tertiary granule proteins, 24 thus reduced lactoferrin and gelatinase B expression in Cbfb rss/Ϫ cells could be caused by decreased C/EBP⑀ levels. The defects in Cbfb rss/Ϫ fetal granulocytes most closely resemble those reported in Gfi-1-deficient mice, 44 but the block appears to be somewhat earlier since the primary granule protein neutrophil elastase was expressed in Gfi-1-deficient cells, but not in Cbfb rss/Ϫ cells. Granulocyte development from Cbfb rss/Ϫ cells in transplant recipients was much less perturbed than in the fetus, suggesting that the sensitivity to low CBF␤ levels is diminished in the adult.
Reduced CBF␤ dosage affects the development of T cells more than B cells
Perhaps the most interesting differences seen upon reduced CBF␤ dosage compared with Runx1 deficiency were in the B-and T-cell lineages. Runx1-deficient bone marrow was unable to contribute to B220 ϩ cells upon transplantation into recipient mice, 5, 6 and one group reported reduced numbers of common lymphoid progenitors (CLPs). 5 In contrast, we observed that a 6-to 7-fold reduction in CBF␤ levels caused only a modest, 2-to 3-fold reduction of B-cell numbers in the fetal spleen, and no obvious effect on the ability of FL cells to contribute to the pool of B220 ϩ cells in reconstituted mice. Thus, although B-cell development requires Runx1, relatively low levels of CBF␤ are adequate to support Runx1 function and to maintain normal numbers of B cells in adult mice. Conditional rescues of CBF␤ deficiency using either Gata1-or Tek-driven CBF␤ transgenes, neither of which is expressed in B cells, were unable to support the normal production of B220 ϩ cells, 17, 45 indicating that CBF␤ is, however, required for B-cell development.
In contrast to the relative insensitivity of B cells, T-cell development was exquisitely sensitive to an incremental reduction in CBF␤ dosage. A decrease in CBF␤ levels to 30% of normal in Cbfb rss/rss cells led to a modest impairment in the efficiency of ␣␤ and ␥␦ T-cell development. In addition, we observed a subtle defect in CD4 silencing among immature thymocytes and a decrease in the number of ISP thymocytes that was likely related to premature CD4 up-regulation in these cells. These changes were reminiscent of CD4 derepression observed in the absence of Runx1 activity and suggested that relatively high CBF␤ levels (Ͼ 30% of normal) were required to sustain Runx1-mediated silencing of the Cd4 locus in DN thymocytes. Despite these abnormalities, the overall efficiency of T-cell development from Cbfb rss/rss cells was well preserved even in a competitive setting in the adult environment. However, a further reduction in CBF␤ levels to 15% of normal in Cbfb rss/Ϫ cells dramatically impaired both fetal and adult thymopoiesis, as evidenced by the near-complete disappearance of mature thymocytes. These findings define a critical threshold of CBF␤ dosage (between 15% and 30% of normal levels) that is absolutely required to sustain T-cell development.
The impaired progression of Cbfb rss/Ϫ T-lineage progenitors could be mapped precisely to the earliest stages of T-cell development in the thymus. Indeed, a competitive disadvantage of these cells was already apparent upstream of DN3 thymocytes within the ETP and DN2 T-cell progenitor populations. Although there was some variation in the precise differentiation block in individual mice, possibly related to epigenetic differences in residual CBF␤ concentration or in the relative fitness of competitor cells, the predominant pattern was a very proximal block that was already apparent in the ETP population or in its immediate progeny. ETPs are a subset of DN1 thymocytes that were identified as the earliest and most potent T-lineage progenitors in the adult thymus. 30, 46, 47 Recent evidence indicates that the generation and subsequent differentiation of ETPs requires ongoing delivery of Notch signals. [48] [49] [50] Our findings suggest the existence of a concomitant continuous requirement for core-binding factor activity during differentiation of ETPs to DN2 and DN3 thymocytes. An important goal of future research will be to define the specific targets of core-binding factors during early T-lineage differentiation, as well as their potential interactions with other critical molecular pathways, such as Notch signaling, or the GATA3 and E2A transcription factors (reviewed in Rothenberg and Taghon 51 ). Of note, we observed no accumulation of Cbfb rss/Ϫ intrathymic B cells, suggesting that reduced levels of CBF␤ did not impair the sensitivity of progenitors to Notch signaling, at least in terms of Notch-mediated repression of B-cell development.
A reduction of CBF␤ levels to 15% of normal in Cbfb rss/Ϫ cells caused an apparently earlier T-lineage developmental defect than described in adult mice lacking Runx1. 5, 6 In Runx1-deficient mice, the bulk of DN2 thymocytes appeared preserved, and the most significant differentiation block was described at the DN2/DN3 transition, even in the presence of wild-type competitors in mixed bone marrow chimeras. In contrast, T-cell development was impaired upstream of DN2 thymocytes in the majority of mice we examined. All 3 Runx proteins and CBF␤ were detected in DN thymocytes. 8, [36] [37] [38] 52 These results suggest that CBF␤ might partner not only with Runx1, but perhaps also with Runx2 or Runx3 during early stages of T-cell development.
Two thresholds for CBF␤ levels in bone development
The Cbfb allelic series convincingly shows that 3-fold reductions in CBF␤ levels are adequate to cause obvious defects in bone formation, while 6-to 7-fold reductions do not allow ossification. Thus, as in the case of T-cell development, 2 important thresholds for CBF␤ levels in bone formation could be documented. A For personal use only. on August 4, 2017. by guest www.bloodjournal.org From 1.2-megabase deletion encompassing CBFB was recently described in a patient with mild skeletal impairments that included wide fontanelles and delayed chondrocyte maturation, and large cranial sutures were seen in 7 of 8 cases with interstitial 16q deletions. 53 Although other genes could be deleted in that interval, it suggests that even CBFB haploinsufficiency could possibly contribute to mild skeletal abnormalities in some individuals.
Finally, the Cbfb allelic series provides an important benchmark against which the effect of the dominant-negative CBFB/MYH11 allele can be measured. Mice heterozygous for a CBFB/MYH11 knock-in allele die at midgestation with an impairment in definitive hematopoiesis much more severe than that seen in Cbfb rss/Ϫ fetuses. 54 Thus, the reduction in the functional CBF␤ dosage caused by the presence of the CBFB/MYH11 allele exceeds 6-to 7-fold.
